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doi:10.1016/j.jtcvs.2005.07.065bjectives: Although repair of left ventricular aneurysm has been extensively
tudied, its effect on regional ventricular function remains unclear. The primary goal
f this study was to quantify the effect of anteroapical aneurysm plication on
ystolic deformation in noninfarcted adjacent (border zone) and remote left ven-
ricular regions in sheep.
ethods: Eight sheep underwent anteroapical myocardial infarction (25% of left
entricular mass). Ten weeks later, animals underwent aneurysm plication. Two and
weeks after this operation, animals underwent magnetic resonance imaging with
issue tagging in multiple short-axis and long-axis slices. Fully 3-dimensional strain
nalyses were performed. All 6 end-systolic strain components were compared at
idwall in the border zone of the aneurysm or repair and in regions 1 cm, 2 cm, and
cm below the valves.
esults: Circumferential shortening progressively increases from before plication to
weeks after plication to 6 weeks after plication toward the border zone. The effect
n circumferential shortening is most pronounced in the anterior wall and septum.
he biggest change is from 2 to 6 weeks after plication (from 4.3% to 11.3% in
nterior wall, P  .0001; from 3.5% to 6.5% in septum, P  .0007). Longitudinal
hortening is decreased at 2 weeks after plication but then returns to baseline (with
light improvement in the border zone) at 6 weeks after plication.
onclusions: Repair of left ventricular aneurysm significantly increases systolic
ircumferential shortening at the border zone in sheep.
epair of left ventricular (LV) aneurysm has been extensively studied, espe-
cially its effect on global ventricular function. A previous study in our labora-
tory1 suggested that aneurysm plication abruptly decreases LV volume and
iastolic compliance, increases end-systolic elastance and stroke volume/end-diastolic
olume (PRSW), but decreases the stroke volume/end-diastolic pressure (Starling)
elationship. The net effect on global LV function was mixed. Furthermore, LV
emodeling 6 weeks after aneurysm plication causes LV volume, end-systolic
lastance, diastolic compliance, PRSW, and the Starling relationship to return to
replication values.
Savage and coworkers2 measured regional deformation in sheep after plication of
nteroapical LV aneurysm using an array of sonomicrometry crystals. They found
hat aneurysm plication produced a shorter, more spherical ventricle and removed
he dyskinetic segments but altered deformation in both circumferential and longi-
udinal directions. They believed the changes in ventricular wall geometry and
eformation provide an explanation for the increased ventricular end-systolic elas-
ance and unchanged stroke volume observed after aneurysm plication.
The Journal of Thoracic and Cardiovascular Surgery ● Volume 131, Number 3 579
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A
CDMore recently, Kramer and coworkers3 measured re-
ional deformation noninvasively in human subjects after
neurysm plication by magnetic resonance (MR) tagging.
hey concluded that LV aneurysm repair is associated with
everse remodeling and an improvement in the extent and
rientation of intramyocardial function, especially at the
iddle and basal LV and inferior wall. However, their study
nd all previous MR tagging studies of LV aneurysm used
nly a 2-dimensional strain analysis in short-axis planes
transverse to the LV long axis). Thus, the effects of aneu-
ysm plication on 3 of the 6 unique strain tensor compo-
ents (ie, longitudinal normal strain and shear strains in the
ongitudinal-circumferential and longitudinal-radial planes)
ave not been quantified previously. Moreover, the accu-
acy of the other 3 strain tensor components (ie, circumfer-
ntial and radial normal strain and shear strain in the
ircumferential-radial plane) is suspect when they are quan-
ified without a fully 3-dimensional strain analysis that also
ncludes tagged long-axis MR images and, thus, takes into
ccount through-short-axis-plane motion (which is signifi-
ant, especially near the LV base).
In a typical MR tagging study, the black stripes or tags
signal voids) are “laid down” immediately after the scanner
etects the R-wave or at end-diastole. End-systolic strain,
or example, can be quantified after measuring the defor-
ation of the tags from their undeformed end-diastolic
onfiguration or state to their end-systolic state, which is
asy to identify because it typically occurs when the equa-
orial LV circumference stops shrinking. The primary goal
f this study was to quantify the effect of anteroapical
neurysm plication on end-systolic deformation in the bor-
er zone and remote LV regions in sheep. We hypothesize
hat repair of LV aneurysm significantly improves regional
ystolic function.
ethods
nimals used in this study were treated in compliance with the
Guide for the Care and Use of Laboratory Animals” prepared by
he Institute of Laboratory Animal Resources, National Research
ouncil, and published by the National Academy Press, revised
996.
yocardial Infarction
astrated male Dorsett sheep were anesthetized (ketamine, 33
Abbreviations and Acronyms
ECG  electrocardiographic
LV  left ventricular
MR magnetic resonance
MRI magnetic resonance imaging
PRSW preload recruitable stroke workg/kg intramuscularly; isoflurane maintenance, 2%-4% inspired) r
80 The Journal of Thoracic and Cardiovascular Surgery ● Marcnd their lungs were mechanically ventilated (tidal volume 15
L/kg; model 309-0612-800, Ohio Medical Products, Madison,
is). During a left thoracotomy, snares were placed around the
eft anterior descending and second left anterior descending diag-
nal coronary arteries at a point 40% of the distance from the apex
o the base. When present, branches of the posterior descending
rtery, which also perfused this region, were ligated 20% of the
istance from the apex to the base. These coronary snares were
equentially tightened, causing an anteroapical infarction as pre-
iously described.4
neurysm Plication
en weeks after myocardial infarction, a partial lower sternotomy
as performed with the sheep under general anesthesia. Pericardial
dhesions were divided. Aneurysm plication was performed with-
ut cardiopulmonary bypass. The transition between infarcted
neurysm and uninfarcted myocardium was palpated and the LV
neurysm was plicated between two strips of Dacron felt. Polypro-
ylene sutures (2-0 Prolene, MH needle; Ethicon, Inc, Somerville,
J) were passed through the felt, through and through the aneu-
ysm at its border, and through the opposite strip of felt in a
orizontal mattress fashion. The sternotomy was closed and the
heep was allowed to recover from anesthesia.
ata Collection
on-ferromagnetic transducer-tipped pressure catheters (model
PC-320; Millar Instruments, Inc, Houston, Tex) were placed in
he left and right ventricles with fluoroscopic guidance. Sheep
ere placed in a sealed plastic container and transported to the MR
canner. Each animal was positioned on its left side in the magnet
Siemens Symphony MRI scanner [1.5 tesla with Quantum gradi-
nts], Siemens Medical Systems, Iselin, NJ) with its chest centered
n a Helmholtz coil. Tagged MR images in orthogonal short- and
ong-axis planes were obtained 10 weeks after infarction (before
lication or before sham operation), 10 days after plication or sham
peration, and 6 weeks after plication or sham operation. Propran-
lol (0.1 mg/kg, given intravenously) and atropine (1.0 mg, given
ntravenously) were administered before data collection to de-
rease autonomic reflexes. All data were collected with the same
evel of anesthesia (1% inspired isoflurane [Forane]).
RI
series of scout images was obtained to locate the heart and the
rue long- and short-axis planes. Subsequently, a set of 25 short-
xis imaging planes (6-mm thick) was obtained parallel to the true
hort-axis plane and at 5-mm intervals beginning at the level of the
itral valve and ending at a short-axis imaging plane that con-
ained only apical myocardium and no LV or right ventricular
ndocardium. An additional set of 6 long-axis imaging planes was
btained according to the following criteria: (1) orthogonal to the
rue short-axis imaging plane, (2) intersecting the centroid of the
V, and (3) oriented in a radial fashion with 30° separations
etween long-axis imaging planes.
Image acquisition was synchronized to the R wave of the
lectrocardiographic (ECG) signal. During the actual image data
cquisition, the ventilator (Hallowell 2000; Hallowell EMC, Pitts-
eld, Mass) was stopped for about 10 seconds at maximum inspi-
ation (to minimize respiratory motion and the associated motion
h 2006
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A
CDrtifacts in our MR images). During this time period, a series of
mages was acquired at 50-millisecond intervals until the approx-
mate completion of the entire cardiac cycle. A segmented cine
radient echo sequence was used and the cardiac cycle was divided
nto 50-millisecond windows. Seven phase encoding lines were
cquired in each window. Image data were collected over 16 heart
ycles providing 99 phase encoding steps. The number of cardiac
hases collected depended on the specific animal’s R-R interval,
ith 10 cardiac phases being typical. The gradient echo sequence
ad an echo time of 4 milliseconds, an excitation angle () of 20°,
nd an acquisition matrix of 256  102. The field of view was set
o 280  230 mm2 and 280  230 mm2 for the short- and long-axis
mages, respectively. Total MR study time was about 45 minutes.
aw data were interpolated to 256  256 pixel images, and these
ere transferred to a Silicon Graphics workstation (Silicon Graph-
cs Inc, Mountain View, Calif) and were converted from Siemens
ormat to SGI format using custom software (Figure 1).
ata Analysis
slightly modified version of the MR tagging postprocessing
oftware “Findtags5 (Laboratory of Cardiac Energetics, National
nstitutes of Health, Bethesda, Md) was used to contour the endo-
ardial and epicardial surfaces and segment the tags in 8 to 12
mages separated by 40 milliseconds for each imaging plane/slice
hat is fixed in space. The original number of contour points (64)
n Findtags was quadrupled to account for the wide variation in LV
all thickness associated with LV aneurysm. To quantify myo-
ardial deformation throughout the LV, we typically acquire
hese images in 6 different long-axis planes (at 30° increments
round the circumference) as well as in at least 5 different
hort-axis planes separated by 1 cm (Figure E1). Thus, each of
ur 3-dimensional MR tagging studies required the Findtags post-
rocessing of at least 88 to 132 images. Endocardial and epicardial
ontours are drawn by hand (using a computer mouse) in the initial
end-diastolic) image and created automatically by Findtags in
ubsequent images. Findtags is not perfect, however, so these
utomatically created contours sometimes need to be corrected by
Figure 1. Long-axis MR images after myocardial infa
Dykinetic infarct; SI, septal infarct; IP, infarct plicatioand. Next, the 4-dimensional B-spline–based motion tracking m
The Journal of Thoracicechnique for tagged MR images6 was used to compute all 6
nique, nonlinear, Lagrangian (Green’s) strain tensor components
eferred to cardiac coordinates (ie, circumferential, longitudinal,
nd radial) at 36 locations (subendocardium, midwall, and subepi-
ardium in each of 12 equally spaced sectors around the circum-
erence) in each short-axis plane/slice (Figure E2) after correcting
with the postprocessed tagged long-axis MR images) for through-
lane motion (Figure E3). It is important to note here that these
train values are based on the displacement of the entire tag lines
nd not only on the displacement of tag intersection points. The
overage of myocardium by tag lines shown in Figure E2 is
ypical. The endocardial contours at end-diastole and at end-
ystole were used to compute LV volumes at these time points.
ach animal was placed on its left side with its chest in the same
ocation within the MRI scanner. Moreover, each series of scout
mages used to locate the heart and the true long- and short-axis
lanes was obtained in exactly the same manner. These steps
ssured that each of the 12 sectors had the same anatomic location
eg, sector 8 corresponded to the middle of the anterior LV wall)
n every animal and at every time point after the data analysis.
e used distance of the short-axis imaging slice from the LV base
t end-diastole to define the longitudinal position in our strain
omparisons.
tatistical Analysis
ll values are expressed as mean  standard deviation (SD) and
ompared by repeated-measures analysis using a mixed model to
est for both fixed and random effects. We performed the analysis
sing SAS PROC MIXED (SAS System for Windows Version 9.1;
AS Institute, Inc, Cary, NC), which uses a maximum likelihood
r restricted maximum likelihood estimation technique as opposed
o ordinary least squares. As a consequence, subjects with missing
ata are not automatically deleted from the analysis. Also, vari-
bles can be either continuous or categorical and relationships
etween the variables can be linear or curvilinear since the mixed
odel does not assume a normal distribution.7 The statistical
n (A) and 10 days after plication (B) in sheep. MI,rctio
n.odel was as follows:
and Cardiovascular Surgery ● Volume 131, Number 3 581
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5
A
CDnn,DifferenceTime Distance Quadrant Enn,Preoperative’
 LVVED LVPES
here Enn  strain component, Difference  difference between
reoperative and postoperative values, Distance  distance from
he LV base, Quadrant  septum, anterior wall, etc, LVVED 
olume at end-diastole, and LVPES  end-systolic pressure. As
an be seen, the difference between pretreatment and posttreat-
ent strain was used as the dependent variable, and absolute
retreatment strain was used as a covariate.8 Time, Distance
nd Quadrant cross terms were initially included, and statisti-
ally nonsignificant terms were sequentially removed beginning
ith those of highest order. The statistical significance of individ-
al group comparisons was tested with the Student t test. Thus,
here were 16 regions (4 Quadrants at each of 4 Distances), each
f which received a t test. With 16 regions compared, multiple-
omparison corrections would have made any statistical test a
rohibitively high barrier. Therefore, to keep the statistical test as
ensitive as possible, no multiple-comparison corrections were
pplied. Statistical significance was interpreted cautiously.
esults
ourteen sheep began the plication protocol. Two sheep
ied at the time of myocardial infarction. Another 4
heep either developed unusually small LV aneurysms (n
2) or yielded no MR images due to technical difficul-
ies (n  2). Thus, 8 animals completed the entire pro-
ocol. However, preplication strain data are “missing”
rom 2 of these animals because of an MR imaging artifact
n 1 case and inappropriate ECG gating (ie, tags laid down in
id-systole) in another. Moreover, 6-week postplication
train data are missing in another 2 of the 8 animals that
ompleted the entire protocol owing to inappropriate ECG
ating. In other words, 6 animals made it through with
omplete acquisition of data before plication, 8 animals
ade it through with complete acquisition of data 2 weeks
fter plication, and 6 animals made it through with complete
cquisition of data 6 weeks after plication. Repeated-mea-
ures analysis of end-diastolic and end-systolic LV pres-
ures and stroke volume found no significant difference
efore and after aneurysm plication (Table E1). Two weeks
ostoperatively, aneurysm plication had a significant effect
n end-diastolic volume (P  .0048), end-systolic volume
P  .0020), and ejection fraction (P  .0439). Six weeks
ostoperatively, aneurysm plication had a significant effect
n end-systolic volume (P  .0214). There was a trend
oward redilation (Figure E4), yet there was no significant
ifference in end-diastolic volume (P  .319) or end-sys-
olic volume (P  .285) between 2 and 6 weeks after
lication.
Figure E5 shows the longitudinal variation in 5 end-
ystolic strain components before aneurysm plication.
pecifically, mean circumferential shortening (Figure E5,
) within a short-axis slice is greatest and remarkably
onstant (at 12.3%  5.3%) between the base and the a
82 The Journal of Thoracic and Cardiovascular Surgery ● Marcquatorial region (2 cm below the base) and then de-
reases monotonically from (12.3%  5.1% at) the
quator to (4.8%  5.1% in) the border zone (4 cm below
he base). M e a n longitudinal shortening (Figure E5, B) in-
reases with distance from the base before reaching a max-
mum (of 15.7%  7.1%) in the equatorial region and
hen decreases monotonically from the equator to (6.4%
6.1% in) the border zone. Mean shear strain in the
adial-longitudinal plane (Figure E5, C) decreases mono-
onically with distance from the base from a maximum
ositive value (of 2.5%  7.4%) near the base to a maxi-
um negative value (of 4.7%  5.7%) in the border zone.
imilarly, mean shear strain in the radial-circumferential
lane (Figure E5, D) decreases monotonically with distance
rom the base from a maximum positive value (of 1.2% 
.7%) near the base to a maximum negative value (of
0.7% 3.7%) in the border zone. Mean shear strain in the
ircumferential-longitudinal plane (Figure E5, E) was neg-
tive and relatively constant between (0.8%  4.0% at)
he base and (0.9%  5.7% in) the border zone, reaching
n extreme value (of 2.0%  3.6%) at the equator. The
adial strain component is not presented in Figure E5 be-
ause it is not measured accurately with current tagged MRI
ethodology (see Discussion).
The repeated-measures analysis (see Methods: Statis-
ical Analysis) was positive with respect to end-systolic
ircumferential and longitudinal strain components (P 
0001 in each case). Figure 2 shows the effect of aneu-
ysm plication on these 2 strain components. Figure 2, A ,
hows that circumferential shortening progressively in-
reases from before plication to 2 weeks after plication to
 weeks after plication toward the border zone. Figure 2,
, shows that longitudinal shortening is decreased at 2
eeks after plication but then returns to baseline at 6
eeks after plication. Figure 2, C and D , shows the effect
f aneurysm plication on circumferential and longitudinal
ystolic shortening when plotted against quadrant. The
ffect on circumferential shortening is most pronounced
n the septum and anterior wall. Once again the biggest
hange is from 2 to 6 weeks after plication. The effect on
ongitudinal shortening is more diffuse, and once again
here is a decrease at 2 weeks but a return to baseline (and
light improvement at the border zone) at 6 weeks after
lication.
Preplication and 2- and 6-week postplication regional
-dimensional midwall strain between end-diastole and end-
ystole are given in Tables 1 and 2. These data are presented
t the centers of 4 different circumferential quadrants (pos-
erior, lateral, anterior, and septal) in 4 different longitudinal
lices (1, 2, 3, and 4 cm below the base). They can be used
ith our finite element method to determine myocardial
ontractility and stress in remote noninfarcted LV regions
fter aneurysm plication.
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CDiscussion
he primary finding of this 3-dimensional MRI tagging
tudy is that repair of LV aneurysm significantly increases
ystolic circumferential shortening at the border zone in
heep. Longitudinal shortening is decreased at 2 weeks after
lication but then returns to baseline at 6 weeks after pli-
ation. The effect on circumferential shortening is most
ronounced in the septum and anterior wall. Moreover, the
resent study (together with our previous study9 of myocyte
rientation using MR diffusion tensor imaging) provides the
ost complete set of data to date for creating and validating
athematical models for the mechanics of the infarcted left
entricle before and after aneurysm repair.
We are studying a variety of surgical ventricular remod-
ling operations including linear repair and patch aneu-
ysmorrhaphy. Despite the strong clinical trend away from
inear repair of LV aneurysm, it is not clear that a choice for
atch aneurysmorrhaphy is correct. For instance, we have
tudied the effect of both linear repair1 and patch plasty10 on
V function. In brief, although the Starling relationship
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T N A R D A U Q 
l a r e t a L r o i r e t n A l a t p e S r o i r e t s o P 
Figure 2. Effects of aneurysm plication on selected
strain versus distance from LV base. B, Longitudinal str
versus quadrant. D, Longitudinal strain versus quadranhifted downward immediately after plication1 and the slope t
The Journal of Thoracicf the Starling relationship was slightly greater (no signif-
cant difference) 2 weeks after patch plasty,10 in neither case
as the Starling relationship changed at 6 weeks. We,
herefore, think that the study of linear repair has merit.
e studied linear repair (plication) first because it can be
one without the use of cardiopulmonary bypass. We
ssume that the effect of aneurysm resection and linear
losure on end-systolic 3-dimensional strain would be the
ame as that of aneurysm plication.
ffect on Regional Strain
urgical volume reduction should be associated with a
ecrease in the force or stress that the ventricular muscle
bers must develop to generate the preoperative end-systolic
ressure or afterload. Using the geometric model described
bove and assuming end-systolic pressure is not affected
y the operation, an analysis based on statistics suggests
hat aneurysm plication decreases average circumferen-
ial wall stress by 24.6%.11 This could explain why aneu-
ysm plication significantly increases regional circumferen-
B
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ain v
t.ial shortening.
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5
A
CDRegional systolic strain is also determined by myocyte
ontractility. If the ability of the muscle fibers in an LV
egion to develop force or stress is increased and the load on
hese myofibers remains the same or decreases, then the
mount of myofiber shortening will increase. Unfortunately,
he direct measurement of local forces or stresses in the
ntact heart wall has been unreliable.12 An alternative ap-
roach to determine ventricular wall stress is mathematical
odeling based on the conservation laws of continuum
echanics.13 In a previous study,14 we created a realistic
athematical model of the 3-dimensional ovine left ventri-
le with an anteroapical aneurysm from multiple short-axis
nd long-axis MR images at the beginning of diastolic
lling, and we used circumferential strain measured at end-
sovolumic systole by Moulton and coworkers15 in the
nterior and posterior border zone regions to determine
yocardial contractility and stress in these regions. Our
athematical (finite element) model suggests that the sig-
ificant increase in regional circumferential shortening after
neurysm plication is primarily the result of a decrease in
oad on the myofibers rather than an increase in regional
yocardial contractility.
On the other hand, reduced contractility may have caused
he reduced longitudinal strain seen 2 weeks after plication.
igh diastolic stress, which causes reduced global contrac-
ABLE 1. Regional circumferential strain (%Ecc) between
nd-diastole and end-systole
egion
Before
plication
Two weeks
after
plication
Six weeks
after plication
cm below base
Anterior 12.8 3.8 12.4 6.3 14.4 4.4*
Lateral 15.1 4.0 14.3 4.1 12.0 4.7*†
Posterior 13.1 6.5 12.5 4.7 12.2 4.3
Septal 9.1  7.3 9.7  6.5 12.0 4.9*†
cm below base (equator)
Anterior 12.3 4.1 11.0 5.3 13.0 3.0†
Lateral 15.8 4.3 14.8 3.6 11.9 3.8*†
Posterior 14.6 4.9 14.5 3.2 12.5 4.3*†
Septal 10.3 6.1 10.7 6.4 12.4 4.1*
cm below base
Anterior 9.7  4.0 8.8  4.6 11.9 4.3*†
Lateral 12.1 5.2 11.8 3.0 13.0 3.7
Posterior 11.8 3.2 12.5 3.6 10.6 3.6†
Septal 8.7  4.6 8.5  5.2 9.8  4.8
cm below base (border zone)
Anterior 4.3  5.2 4.6  5.5 11.3 4.4*†
Lateral 6.0  6.2 7.1  2.7 8.9  5.0*†
Posterior 5.3  4.3 7.8  4.1* 7.7  5.4*
Septal 3.5  4.9 3.3  4.6 6.5  5.1*†
alues are mean  SD. *P  .05, 2- and 6-week plication versus before
lication. †P  .05, 2-week plication versus 6-week plication.ility16 and eccentric hypertrophy,17 may occur after surgi- a
84 The Journal of Thoracic and Cardiovascular Surgery ● Marcal remodeling. For instance, Savage and coworkers2 have
uggested that aneurysm plication leads to increased dia-
tolic stress in the longitudinal direction. Although we have
reviously shown that residual stress has no effect on Star-
ing’s law after partial ventriculectomy,18 it is possible that
neurysm plication causes an increase in longitudinal dia-
tolic stress of sufficient magnitude both to reduce contrac-
ility and to a stimulate postoperative remodeling (see Redi-
ation below).
nteraction With Global Function
nfortunately, this improvement in regional systolic func-
ion is not necessarily associated with an improvement in
lobal ventricular function. Although ejection fraction in-
reased significantly 2 weeks after aneurysm plication, stroke
olume was essentially unchanged at 2 and 6 weeks post-
peratively compared with the preplication value. Thus, the
ignificant improvement in ejection fraction after aneurysm
lication is due entirely to the surgical (end-diastolic) vol-
me reduction. Apparently, this substantial reduction in
nd-diastolic volume prevented the significant increase in
ircumferential and longitudinal shortening in several LV
egions after aneurysm plication from resulting in an im-
rovement in stroke volume. If we were to idealize LV wall
eometry as a hemispheric shell that is 10 mm thick at
nd-diastole and is made of an incompressible material, then
ABLE 2. Regional longitudinal strain (%Ell) between
nd-diastole and end-systole
egion
Before
plication
Two weeks
after plication
Six weeks
after plication
cm below base
Anterior 16.9 5.1 14.4 8.6 17.2  5.1†
Lateral 11.8 10.4 12.3 6.8 14.2  6.7
Posterior 11.4 10.0 9.2  9.5 11.0  4.4
Septal S 12.0 10.4 11.1 9.3 14.0  3.5†
cm below base (equator)
Anterior 16.3 4.7 10.1 5.8* 12.1  4.5*†
Lateral 16.4 5.6 9.9  5.0* 12.5  2.2*†
Posterior 16.5 8.2 14.0 4.4* 16.0  2.9†
Septal 15.8 5.1 14.7 4.6 14.5  3.9
cm below base
Anterior 10.2 8.4 3.5  5.2* 9.2  5.4†
Lateral 14.0 2.4 6.3  7.3* 13.5  3.7†
Posterior 14.3 2.4 9.5  8.4* 16.1  2.7*†
Septal 11.6 6.4 6.2  11.4* 11.3  4.9†
cm below base (border zone)
Anterior 7.3  7.0 5.6  8.0 7.0  4.5
Lateral 8.2  4.2 6.9  8.5 6.3  2.8*
Posterior 7.0  3.6 5.8  10.1 6.2  2.9
Septal 6.5  6.3 6.9  9.6 5.4  3.6
alues are mean  SD. *P  .05, 2- and 6-week plication versus before
lication. †P  .05, 2-week plication versus 6-week plication.shell with an end-diastolic chamber volume of 64.2 mL
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CDould require 7.5% midwall circumferential shortening to
chieve a 20.1-mL stroke volume, whereas a shell with a
uch larger 120.1-mL end-diastolic chamber volume would
equire only 3.6% midwall circumferential shortening to
chieve a comparable 17.7-mL stroke volume. These nu-
erical values are consistent with those in Tables E1 and 1
or sham versus plication end-diastolic volume, stroke vol-
me, and midwall circumferential shortening at 2 weeks
ostoperatively. Of course, this extremely simple geometric
odel does not account for apex-to-base or circumferential
ariations in shortening.
edilation
here was a trend toward redilation, but neither end-diastolic
olume nor end-systolic volume returned to preplication
alues 6 weeks after plication, as observed previously by
atcliffe and coworkers.1 In their previous study, absolute
V volume was measured by long-axis transdiaphragmatic
chocardiography, and relative changes in LV volume were
easured with a conductance catheter. We consider the
RI-based methodology used in the present study to be the
ore accurate method for measuring LV volume. In any
ase, the abrupt increase in circumferential and longitudinal
hortening and presumed decrease in LV wall stress after
neurysm plication does not appear to be sufficient to pre-
ent redilation.
Eccentric hypertrophy of the remote myocardium is
hought to be caused by increased diastolic stress. Maybe
e have not reduced diastolic stress enough. We think that
onischemic infarct extension is driven by high systolic
tress and strain. Maybe we have not removed this stimulus.
or instance, systolic longitudinal shortening increases at 2
eeks. Also, 4 cm may not be far enough down the left
entricle to determine the effect on all parts of the border
one (ie, lateral and posterior walls) since the plication is
ot axisymmetric.
imitations
learly, the major limitation of the present study is the
elatively small numbers of animals that were subjected to
he entire protocol. The major difficulty and cause of lost
agged MR data is with ECG-gating due to interference
rom the strong magnetic field.
End-systolic radial strain tends to be more variable than
ircumferential strain in tagged MR images.19 One factor in
adial strain variablility is that tagging with either parallel
ines or rectangular grids results in relatively sparse sam-
ling of myocardial motion in the radial direction. For
xample, a 10-mm-thick myocardium with a tag spacing
f 8 mm yields only one or two tag lines in the radial
irection, which makes the resulting measurement of radial
train sensitive to noise in the tag line position measure-
ents and highly influenced by the deformation model.
The Journal of Thoracicnother source of variability in both radial and longitudinal
train is the difficulty of defining the radial and longitudinal
irections on the curved LV wall, particularly at the apex.
Another limitation of the present study is the limited
patial and temporal resolution associated with our MR
mage acquisition. In several of our experiments, we ac-
uired tagged short-axis images that were separated by 1
m. Since the long-axis length of plicated left ventricles was
ignificantly less than that of the other left ventricles, strain
omparisons could be made only in the short-axis slices 1 to
cm below the valves. Moreover, the border zone in the
nterior LV wall was contained within the latter slice, but
he other border zone regions were located below it. Thus,
t is not entirely accurate to label all LV regions in the
hort-axis slice 4 cm below the valves as border zone
egions. We acquired tagged MR images every 40 millisec-
nds between end-diastole and end-systole. This temporal
esolution was not sufficient to rigorously study strain dur-
ng isovolumic systole and thus prevented us from confirm-
ng the measurements of Moulton and coworkers.15
No baseline imaging (ie, before infarction) was per-
ormed during the present study. This would have allowed
omparison of regional differences in contractility to be
ssessed and would have permitted therapy to be compared
ith normal. Such analysis would better elucidate the effect
f the remodeling procedure. Since the effect of the an-
eroapical infarct in sheep on regional 2-dimensional (cir-
umferential) myocardial strain has already been mea-
ured,20 however, we did not think that preinfarct and
mmediately postinfarct data collection was critical.
onclusions and Future Directions
epair of LV aneurysm significantly increases systolic cir-
umferential shortening at the border zone in sheep. Tables
1, 1, and 2 can be used with our finite element method to
etermine myocardial contractility and stress in remote non-
nfarcted LV regions after aneurysm plication. Moreover,
he same methodology presented in the article can be ap-
lied to other techniques (eg, circular patch plasty) for
epair of LV aneurysm.
We thank Dr Charles McCulloch, Professor and Head, Division
f Biostatistics, University of California San Francisco, for his guid-
nce on the statistical analysis. We thank Dr J. M. Guccione, Sr,
or his help in the construction of the plastic container used in
his study.
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Guccione et al Surgery for Acquired Cardiovascular Disease
A
CDFigure E1. End-diastolic 3-dimensional tagged MRI data set. A, Five short-axis (separated by 1 cm) and one
long-axis image planes/slices. B, Six long-axis (equally separated by 30° around the LV circumference) and one
short-axis image slices. The endocardial contours are highlighted in green and yellow.
Figure E2. A, Time series throughout systole of the 3-dimensional Green strain component in the local circum-
ferential direction (Ecc) at the midwall (shell 2) of 12 different sectors in a short-axis plane/slice that was near
the border zone at end-diastole (time 1) of a sheep before its anteroapical LV aneurysm was plicated. B, Sectors
2, 5, 8, and 11 correspond to the central/middle portions of the posterior LV wall, lateral LV wall, anterior LV wall,
and interventricular septum, respectively.The Journal of Thoracic and Cardiovascular Surgery ● Volume 131, Number 3 586.e1
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5
A
CDFigure E3. End-diastolic (A) and end-systolic (B) long-axis tagged MR images of sheep heart with LV aneurysm.
Note the significant through-plane motion, which varies monotonically from approximately the tag spacing (8 mm)
near the LV base to zero near the apex.
Figure E4. Effect of aneurysm plication on LV volume.
ABLE E1. Repeated measures of baseline values, pres-
ures, and volumes
Before plication
Two weeks
after plication
Six weeks
after plication
eight (kg) 34.6 2.0 30.7 2.1 31.3 2.4
VP at ED (mm Hg) 16.7 8.3 18.1 13.0 17.0 12.1
VP at ES (mm Hg) 90.5 21.5 91.9 18.3 99.3 19.7
DV (mL) 92.8 17.8 64.2 13.2* 72.6 17.2
SV (mL) 71.2 13.7 44.1 11.8* 51.2 11.6*
V (mL) 21.6 8.9 20.2 4.8 21.5 8.3
F (%) 23.0 7.6 32.0 7.2* 28.9 7.7
alues are mean  SD. LVP, Left ventricular pressure; ED, end-diastole;
S, end-systole; EDV, end-diastolic volume; ESV, end-systolic volume;
V, stoke volume; EF, ejection fraction. *P  .05, 2- and 6-week plication
ersus before plication. †P .05, 2-week plication versus 6-week plication.
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Figure E5. Longitudinal variation in selected end-systolic strain tensor components before aneurysm plication. A,
Circumferential strain. B, Longitudinal strain. C, Shear strain in the radial-circumferential plane. D, Shear strain in
the radial-longitudinal plane. E, Shear strain in the circumferential-longitudinal plane. These plots represent
aggregate absolute baseline strains versus distance from base. Error bars indicate 1 standard deviation.The Journal of Thoracic and Cardiovascular Surgery ● Volume 131, Number 3 586.e3
